We report a fast-switching negative photoelectrochromic cell composed of a dye-sensitized nanocrystalline TiO 2 electrode and Prussian blue counter electrode sandwiching a LiI electrolyte. The cell can be bleached under illumination with shorted TiO 2 and Prussian blue electrodes, and re-colored by applying an appropriate external voltage. The photo-bleaching and electric-coloring processes are fast and reversible. A maximum absorbance modulation of 0.44 recorded at 700 nm is obtained between bleached and colored states for the cell when the PB film's thickness is 452 nm. Illuminated under different levels of light intensity or durations of time, the shorted cell shows adjustable optical absorption from 470 to 840 nm. The in-situ transmittance response depicts that the photo-bleaching response is 6.2 s for 70% transmittance change under 100 mW/cm 2 illumination in short circuit configuration, and the re-coloration time is about 600 ms under 2 V bias recorded at 780 nm, with an electrochromic coloration efficiency of 103.4 cm 2 /C. The cell shows a good reversible stability and can be potentially applied in erasable displays.
Introduction
In recent years, the growing interest in low-power systems has led to the development of various energy-efficient chromic technologies including electrochromism, photochromism, gaschromism, thermalchromism, and photoelectrochromism [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Among them, photoelectrochromic devices have attracted significant attention because of their unique function of dynamically controlled solar energy gain and optical properties through switchable glazing in response to illumination, with promising applications in smart windows, sunglasses and light-writable low-information content displays [11, 12, 17, 18] . Although various device configurations and working mechanisms have been reported in recent years [11, [19] [20] [21] , most of the reported photoelectrochromic devices are composed of a light-sensitive photovoltaic layer and an electrochromic layer. A dye-sensitized TiO 2 nanoparticle (NP) photoanode has been most commonly adopted as the photovoltaic layer, and various electrochromic materials (inorganic or organic) have been assembled as the electrochromic electrode including WO 3 or polyaniline [11, 12, 22, 23] . Under illumination, photoelectrons generated by the dye molecule inject into the conduction band of TiO 2 and then transport through the external circuit to the counter electrochromic electrode, driving the ions in the electrolyte to intercalate into the electrochromic layer at the same time. Correspondingly, the transmittance of the photoelectrochromic device will be decreased as a result of the darkened electrochromic layer. The bleaching state can be achieved by either short circuit or open circuit configuration with light blocked. The switching response is mainly dependent on the electrochromic material and electrode adopted. Recently, Chen's group improved the bleaching rate of a WO 3 -based photoelectrochromic device using a patterned WO 3 /Pt electrode, providing the charge transfer pathways to accelerate the bleaching process [22] . Under illumination, the cell can be colored in a short circuit configuration with tunable transmittance and bleached more quickly when the circuit is opened ($ 60 s).
Prussian blue [PB, iron (III) hexacyanoferrate (II)] is a well known synthetic coordination-compounded transition metal hexacyanometallate, which has attracted considerable attention owing to its various applications in electrochromic [24] [25] [26] , sensors [27] , catalysts [28] , and batteries [29] . Different from WO 3 , PB is an anodically coloring electrochromic material with promising electrochromic properties. It is reported that an electrodeposited PB film exhibits electrochromism between blue and colorless state with a fast response (r100 ms) and a high durability for 5 Â 10 6 cycles [30] . The excellent electrochromic performance makes it an ideal candidate for applications in smart windows and electronic paper displays. Although there have been numerous reports regarding electrochromic applications of PB, to our knowledge, such a PB film has not been incorporated in a device to enable fast-switching light-writable and electric-erasable photoelectrochromic operation to date. In this study, we propose and demonstrate a negative photoelectrochromic cell, composed of an electrodeposited PB electrochromic electrode and a dye-sensitized TiO 2 NP photoanode. The cell can be bleached in short circuit configuration under illumination and re-coloration can be achieved through applying a proper external voltage with fast switching response and good reversibility, providing a negative mode to the existing photoelectrochromic technology. The bleached cell can also be recolored in either short circuit under dark state or open circuit under illumination with a slow speed. The photoelectrochromic cell shows obvious color change between colored and bleached state, promising for light-writable and electric-erasable information display applications.
Experimental details

Electrodeposition and characterization of PB films
Fluorine doped tin oxide (SnO 2 :F, FTO) glasses (NSG Group, R s ¼14 O/& and 2.2 mm thick) washed by acetone, isopropanol, and de-ionized water in sequence were used as substrates. The electrodeposition of PB films was carried out in a standard three-electrode system (VersaSTAT 3F Potentiostat/Galvanostat) with a clean FTO glass (2 cm Â 3 cm) as the working electrode, a platinum sheet as the counter electrode, and a Ag/AgCl/sat'd KCl as the reference electrode. The electrodeposition bath of PB contained 10 mM K 3 Fe(CN) 6 (Aldrich), 10 mM FeCl 3 (Aldrich), and 0.1 M KCl (Aldrich). The PB films were prepared by applying a constant cathodic current density of 50 mA/cm 2 for 100, 300, 500 and 700 s. Then the as-deposited blue PB films was rinsed by deionized water gently and dried at room temperature in atmosphere.
Preparation of dye-sensitized TiO 2 nanocrystalline photoanode
To fabricate the photoanode, TiO 2 NP paint (Solaronix, Ti-Nanoxide T20/SP) was first screen-printed on a piece of FTO glass, which was ultrasonically cleaned sequentially by acetone, isopropanol, and de-ionized water. 
Assembly of the photoelectrochromic cell
The dye-sensitized TiO 2 nanocrystalline photoanode and PB electrode were bonded together with hot-melt Surlyn spacers. which is also schematically shown in Fig. 1 .
Characterization
The morphologies of electrodeposited PB films were characterized by field emission scanning electron microscopy (FESEM JSM 6340F). Cyclic voltammogram (CV) of the PB film was performed with 0.2 M LiClO 4 in g-butyrolactone as the electrolyte, a platinum sheet as the counter electrode and Ag/AgCl/sat. KCl as the reference electrode. Thicknesses of the PB films were measured by a Tencor P-10 surface profiler. The transmittance was measured by a JASCO V670 UV-vis-NIR spectrophotometer. A 150 W Xe lamp with optical filter ( 4300 nm) was used as the light source and the light intensity was calibrated by a pyranometer (PMA 2144 from Solar Light)
Results and discussion
Characterization of electrodeposited PB films
The morphologies of electrodeposited PB films were investigated (see Fig. 2a ). It can be clearly seen from Fig. 2 (a) that the film is composed of accumulated nanoparticles with sizes of 20-50 nm. There are a lot of cracks with an average gap dimension of $ 20 nm among the film, formed due to stress. The cyclic voltammetry (CV) curve of the PB film was measured with 0.2 M LiClO 4 in g-butyrolactone as electrolyte at a scan rate of 100 mV/s (Fig. 2b) . The broad oxidation and reduction peaks appear at 0.84 and À 0.8 V, respectively, which are similar to those reported for 
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electrodeposited PB films [30] . During the cycling, the color of the PB film was observed to change between blue and colorless.
Working principles of the photoelectrochromic cell
It is well known that PB is an anodically electrochromic material, opposite to WO 3 , which is colored cathodically. Due to the opposite electrochromic behaviors of PB and WO 3 , the asprepared cell is bleached rather than colored under illumination in short circuit configuration, providing a negative mode of the existing photoelectrochromic technology [11, 12] . Under illumination, light absorption by the sensitizing dye leads to electron injection into the conduction band of TiO 2 and then transport through external circuit to the counter PB electrode, driving the insertion of Li þ from the electrolyte into the PB film at the same time. Accordingly, the color of the PB film changes from blue to colorless, which can be described by the following reaction: At the same time, the excited dye molecules are reduced by iodide ion (I À ) present in the electrolyte according to the reaction [31] :
where S 0 and S þ are the ground and ionized state of the dye molecule, respectively. The photo-bleaching process terminates when all I À in the electrolyte are transformed to triiodide (I À 3 ) or until the generated photovoltage equals the electromotive force of the formed Li 4 Fe(II) 4 [Fe(II)(CN) 6 ] 3 film, preventing the further diffusion of the electrons into the EC layer. Fig. 3(a) schematically depicts the photo-bleaching process of the short circuit photoelectrochromic cell under illumination from the side of dye-sensitized TiO 2 NP photoanode. The color of PB film changes from original blue to colorless, resulting from the insertion of Li þ and electrons, while the iodide ions are oxidized to triiodide by the excited dye molecules at the electrolyte\dye interface. Fig. 3(b) shows the photograph of a bleached photoelectrochromic cell (1.5 cm 2 ) after illumination of 100 mW/cm 2 for 1 min in short circuit configuration. The PB film assembled in the cell is electrodeposited for 300 s and its thickness is measured to be 452 nm. It can be seen that the original blue color of the PB film changes to colorless and the bleached cell displays pale yellow arising from the dye molecules absorbing on the surface of TiO 2 electrode. The photovoltaic property of the cell was also investigated and shown in Fig. S1 . An open circuit voltage (V oc ) of 0.42 V and a short circuit current (I sc ) of 1.15 mA/cm 2 are obtained for this cell. The fill factor (m) is calculated to be 0.54. The re-coloration process was carried out by applying a positive 2 V bias on PB electrode (while TiO 2 side is grounded) until the current density was stabilized, during which Li þ was driven out from PB film to the electrolyte, leaving PB in blue. At the same time, triiodide ions at the counter electrode were reduced to iodide ions by the electrons injected from the external bias:
In this way, triiodide ions are produced during the photo-bleaching process and are reduced back to iodide ions during the re-coloration process at the dye/electrolyte interface. In fact, the re-coloration of the cell can also be achieved in either short circuit under dark or open circuit with or without illumination. The charged Li 4 Fe(II) 4 [Fe(II)(CN) 6 ] 3 electrode possesses a negative potential, which causes the cell to discharge spontaneously back to its colored state. However, the re-coloration without external bias shows a much slower speed. It needs about $2 h to complete the re-coloration process of the opencircuited cell under illumination. The short-circuited cell shows a faster re-coloration speed than the open-circuited one, since the electrons can transport to the counter electrode through external circuit more efficiently, while the electrons in open circuit configuration are extracted from the EC layer and undergo a diffusion process to counter electrode. However, it still needs more than one hour for the re-coloration in short circuit configuration. To reach a fast and efficient re-coloration, a proper external bias is adopted to overcome this problem.
To obtain good reversible stability, charges, and ions involved in the two processes should be balanced. Correspondingly, an optimum bias voltage should be adopted since a too large bias will lead to over oxidization of PB to Prussian White (PW), while a too small bias results in insufficient re-coloration and slow response. For our cells, 2 V bias was adopted for re-coloration and, as a result, a fast response and good stability were achieved. Fig. 3(c) shows the schematic of the re-coloration process and Fig. 3(d) depicts the photograph of the cell after applying a positive 2 V bias on PB electrode for 30 s. It can be seen that the PB film changes to its original blue color reversibly after applying an electric stimuli. Moreover, spatially resolved bleaching was achieved when the cell was partially illuminated (Fig. 3e and f) . The spatially resolved bleaching occurs because the electric field is created spatially in the illuminated region; i.e., the electric field is concentrated between the oxidized dye and reduced PB counter electrode. However, the resolution of such spatially resolved bleaching is limited as such the electric field is maintained by ion diffusions. The above results indicate the prepared photoelectrochromic cells can be potentially applied in negative mode light-writable and electric-erasable information displays.
Optical-electro characterizations of the photoelectrochromic cell
It is clear that longer duration of electrodeposition will lead to thicker PB films with a deeper blue color. Since the bleached PB films remain highly transparent, for single PB electrochromic layer device, larger optical modulation (absorbance or transmittance) could be obtained using a thicker film. However, for thicker films, a larger operating voltage is needed for complete coloration/bleaching processes. To investigate the thickness effect on the optical modulation between bleached and colored states of the photoelectrochromic cells, PB films with electrodeposition durations of 100, 300, 500 and 700 s were assembled as electrochromic layers into the cells. The thicknesses of all the electrodeposited PB films were measured and tabulated in Table 1 . For all the cells, the conditions of dye-sensitized TiO 2 nanocrystalline photoanode and electrolyte were fixed. Subsequently, all the cells were bleached by illumination at 100 mW/cm 2 for 1 min in short circuit configuration and re-colored by a positive 2 V bias on the PB electrode for 30 s. Optical absorbance spectra were investigated for all cells at the two states (Fig. 4) . It can be seen from Fig. 4 that with increased PB film thickness, the absorbance of all cells at the colored state are enhanced from 470 to 840 nm. Also, the absorbance of all cells at the bleached state is obviously decreased compared to its colored state. Moreover, with PB film thickness increased from 123 to 452 nm, the absorbance modulations recorded at 700 nm between the two states are increased from 0.2 to 0.44. However, the modulation was decreased to 0.24 and 0.13 when the film thickness was further increased to 785 and 1106 nm, respectively, resulting from the insufficient bleaching. For our photoelectrochromic cells, the photogenerated voltage ($ 0.4 V) is fixed under the same light intensity, and a too thick film will result in shallow bleaching level of PB film due to insufficient operating voltage and increased resistance. As shown in Fig. 4(b) , the largest absorbance modulation (0.44) recorded at 700 nm was obtained when the PB film thickness is set to 452 nm. The corresponding transmittance of the cell under this optimum condition is shown in Fig. S2 for reference. Compared with the colored states, the absorbance of all cells at the bleached states are increased in the spectral range of 400-470 nm, which may be attributed to the absorption of triiodide ions formed at the dye\electrolyte interface. In the following part, we fix the thickness of PB film at the optimal value (452 nm). Following the standard test method of ASTM D1003A [32, 15] , the haze numbers of the cell at bleached state were investigated and shown in Fig. S3 . It can be seen that the haze number increases with decreasing wavelength, which is due to the scattering losses caused by the TiO 2 nanoparticle becomes increasingly pronounced [15] . The luminous transmittance (T lum ) of the bleached device recorded from 400 to 850 nm is calculated to be 42%, and the luminous transmittance (T lum ) of the colored device is 18%, which corresponds to a contrast ratio of 2.3. The ratio is smaller than that of the commercial electrochromic devices, which is normally larger than 3:1 [33, 34] . More work is being done now to further decrease the thickness of the TiO 2 nanoparticle electrode to improve the contrast ratio between bleached and colored state of the device.
To further investigate the impact of light intensity on its absorbance, the cell was illuminated with simulated solar illumination of 5, 10, 20, 30, 40, 50, and 100 mW/cm 2 , respectively for a fixed duration (3 s) in short circuit configuration (Fig. 5a ). It can be seen that with increased light intensity, the absorbance decreases gradually from 470 to 840 nm. Moreover, the absorbance decreases significantly in 3 s between 10 and 50 mW/cm 2 , and from 50 to 100 mW/cm 2 , the decrease is comparatively less, indicating adjustable absorption of the cell under different levels of light intensity (grayscale is obtainable). Fig. 5(b) shows the absorbance spectra after 5, 10, 15, 20, 25, 30, and 60 s of illumination with a fixed simulated solar intensity of 5 mW/cm 2 . It can be seen that the absorbance decreases with prolonged illumination time from 470 to 840 nm, and the decrease is mostly completed in 25 s, after which the decrease is not obvious. For both cases, there is not much difference of absorbance below 470 nm, indicating the cell mainly regulates the absorbance in the visible range. Thus the absorbance of the cell in the visible light range can be adjusted with either light intensity or illumination time.
The photo-bleaching response of the cell was investigated at a wavelength of 780 nm by 100 mW/cm 2 illumination in short circuit configuration (shown in Fig. 6a ). The response for 70% change is found to be 6.2 s. Inset of Fig. 6(a) depicts the corresponding transient current change of the cell from the colored to bleached state under illumination. It can be seen that a clear current impulse was obtained upon illumination. The current shoots up from near zero to 1.4 mA in 0.4 s, then decays quickly in several seconds before getting stabilized. The time for 70% decrease (t 70% ) of the highest peak current is 6.4 s, very closed to the response of transmittance change. Fig. 6(b) shows the in-situ transmittance response recorded at 780 nm from the bleached to colored state by applying a positive 2 V bias on PB electrode. The transmittance shows a fast decrease from 95% to 14% in less than one second. Fig. 6(c) shows the corresponding transient current change of this process, displaying a fast current decay. It can be seen that t 70% of both the in-situ transmittance and transient current are $600 ms, implying a fast electrochromic coloration response. The inset of Fig. 6(c) shows the charge involved during the coloration process by chronocoulometry. Corresponding to the current-time plot, charges are increased significantly in the first 10 s, and then a linear increase with time is found for the following process. The electrochromic performance of the photoelectrochromic cell was also investigated by measuring its coloration efficiency (CE,Z) according to Fig. 6(b and c) . As it is /C for our cell, which is comparable to the reported values [35] .
The The stability of the photoelectrochromic cell was also investigated by measuring the transmittance changes recorded at 700 nm between the bleached and colored states (Fig. 8) . The photo-bleaching process of the cell was conducted under 100 mW/cm 2 illumination in short circuit configuration for 60 s and the re-coloration was obtained by adding a 2 V bias on PB electrode for 30 s. After 1000 cycles of operation, the performance of the cell is still quite stable. The transmittance attenuation was about 57.8% (from 90.6% to 32.8%) of the first cycle, and after 1000 cycles, it had decreased to ca. 55.7% (from 88.9% to 33.2%); only 2.1% optical degradation was found, indicating a good stability.
Conclusions
In conclusion, a fast-switching negative photoelectrochromic cell composed of dye-sensitized nanocrystalline TiO 2 and PB electrodes was studied. Adjustable grayscales were obtained by illuminating the cell with different light intensity and time. The photo bleaching response of the cell at 100 mW/cm 2 is 6.2 s, and the electrochromic response with a 2 V bias is about 600 ms for 70% transmittance change at 780 nm with electrochromic coloration efficiency of 103.4 cm 2 /C. This hybrid photoelectrochromic cell shows good stability and can be potentially applied in erasable displays. 
